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Abstract: Graphene (G) and graphene oxide (GO) have
been shown to significantly improve the mechanical prop-
erties of cement-basedmaterials. In this study, the effect of
the G/GO on cement hydration was investigated. First, the
zeta potential of G/GO in simulated solutions was tested,
and the interaction between G/GO’s surface and Ca2+ was
explored. Subsequently, scanning electron microscopy
was used to observe the morphology of C–S–H nucleation
and growth on the cement surface in the cement paste
containing G/GO. Furthermore, XRD and TGA analyses
were carried out on the hydration products of the sample.
At last, isothermal calorimetry was applied to investigate
the influence of G/GO on the early hydration of cement.
The results showed that the addition of G/GO significantly
accelerates C–S–H nucleation and growth on the cement
surface. It is indicated that the high mobility ions derived
by G/GO in the cement paste dominate the reason for the
accelerated hydration of cement. The presence of G, espe-
cially GO, facilitates the mobility of ions, especially Ca2+,
thus enhances the interaction between the cement surface
and the ions. This strong interaction promotes the C–S–H
nucleation and growth, and therefore, the hydration of the
cement.

Keywords: graphene, graphene oxide, cement paste, hydra-
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1 Introduction

Cement-based materials modified with nanomaterials can
gain a significant performance improvement and related
research has been receiving increasing attention [1–3].
Graphene (G) and graphene oxide (GO) are applied to opti-
mize the performance of cement-based materials due to
their unique properties [4,5]. Many studies [6–8] reported
that GO can significantly improve the compression strength
of cement-based materials. It reported that adding 1.5 wt%
of GO increased the compressive strength by 53% [9]. Some
studies [10–12] indicated that the change in compressive
strength of G-modified cement-based materials is within
15%. However, Dela Vega and Vasquez [13] reported a
56% increase in compressive strength by adding 0.5 wt%
of G.

The microstructure is the key to understanding the
mechanical properties of cement-based materials. Liu
et al. [14,15] reported a denser interfacial transition zone
in mortars with G/GO, resulting in a significant increase
in the strength. Zhang et al. [16] found that the porosity of
GO-modified cement-based materials decreased by 31%
at a GO content of 2.0 wt%. The improvement in micro-
structure and the decrease in porosity were attributed to
the ‘filling’ and ‘nucleation’ effect of G/GO [17,18]. The
addition of G/GO can not only refine the pore structure,
but also regulate the formation of hydration products [19].
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C–S–H is the most important hydration product [20].
Lu and Liu [21–23] found that the C–S–H becomes a reg-
ular flower in shape due to the nucleation and regulatory
of G/GO in the formation of C–S–H. Wang et al. [24]
reported that the incorporation of 0.01–0.05% GO accele-
rated the formation of C–S–H, and the arrangement
of C–S–Hwas more regular. Most studies [25–27] reported
that G/GO provides the C–S–H nucleation sites to enhance
the cement hydration. In addition, Guo et al. [28–31] indi-
cated that the interface of GO/C–S–H generates a new
chemical bond. However, Kong et al. [32] did not find
C–S–H on the surface of nanomaterials and believed that
nanoparticles have no nucleation effect based on classical
nucleation theory.

The effect of G/GO on cement hydration is still uncer-
tain. These studies focused more on the morphology of
C–S–H and less on the effect of G/GO on the formation
process of C–S–H. The process of C–S–H formation is that
the aggregations of ions or molecules become large and
stable enough to develop nuclei in the saturated state and
then grow gradually. G/GO has excellent electrical con-
ductivity, which will motivate the ions in the solution
[33]. The analysis of the effect of G/GO on the C–S–H
morphology from the perspective of the C–S–H formation
process would provide a deeper understanding of the role
of G/GO in cement hydration.

Ca2+ plays an important role in the kinetic, morpho-
logical, and structural characteristics of C–S–H [34]. In
this study, the interaction between G/GO and Ca2+ was
first characterized with the zeta potential test. Then, SEM
was applied to observe the hydrates in cement paste
incorporating G/GO at 15 min, 1, 4, and 7 h of hydration.
The hydration products of the samples were analyzed by
XRD and TGA. Furthermore, isothermal calorimetry was
used to measure the heat of cement hydration during the
first 24 h. Finally, the role of G/GO in the early hydration
of cement was discussed.

2 Materials

2.1 Materials and mixture

The materials used in this study include cement, G, and
GO. The cement is Portland cement type I produced by
Fushun Cement Co., Ltd. in China. The chemical content
of the cement was tested by X-ray fluorescence (XRF),
and the result is shown in Table 1. G/GO was purchased
from Suzhou Carbon Fun Technology Co., Ltd. in China.

The properties and characterization of G/GO are listed in
Table 2. To further characterize G/GO, microscopic obser-
vation was performed by scanning electron microscopy
(SEM) and the morphology of G/GO is shown in Figure 1.
The red frame is the enlarged zone. The mixing ratio is
detailed in Table 3. PC is a control sample with 100%
cement paste. CG is a cement paste incorporating G.
CGO is a cement paste containing GO.

2.2 Sample preparation

First, G/GO was added to water to produce a suspension
of nanoscale particles. To disperse the G/GO uniformly in

Table 1: Chemical content of cement (wt%)

CaO SiO2 Al2O3 Fe2O3 SO3 MgO K2O TiO2 P2O5

63.51 20.86 5.3 3.56 2.67 1.81 0.631 0.387 0.332

Table 2: Physical parameters of G and GO

Types Purity
(wt%)

Thickness
(nm)

Diameter of
lamellae (nm)

Specific
surface
area (m2/g)

G >98 ∼2 5–10 1,000–1,217
GO >95 ∼1 10–50 >400

Figure 1: SEM image of G (a) and (b) and GO (c) and (d).
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the aqueous solution, the suspension was sonicated in an
ultrasonic meter (Power of 400W) for 15 min. Water tem-
perature was controlled within 30°C in the sonicate pro-
cess. Then, cement was put into the G/GO suspension
and stirred evenly by a whisk at a slow speed for 2 min,
then at a fast speed for 2 min. After that, all samples
were placed in the standard conditioning chamber for
15 min, 1, 4, and 7 h, respectively. The samples were
maintained to a specified age and then soaked in anhy-
drous ethanol to terminate the hydration. The samples in
the anhydrous ethanol were filtered and dried in a 35°C
oven for 12 h. Finally, the dried samples were collected for
investigations.

2.3 Zeta potential test

The zeta potential of G/GO was tested with a Malvern
Zetasizer Nano (Malvern Instruments Ltd., UK) in a simu-
lated solution. The liquid phase of early cement pastes is
mainly composed of Na+, K+, −SO4

2 , and Ca2+ ions. Ca2+ plays
a key role in the cement hydration process [5,35,36]. There-
fore, the Ca(OH)2 solution was used as the simulated solu-
tion to measure the zeta potential of the G/GO. The prepara-
tion process of the Ca(OH)2 solution can be found in the
literature [36]. Themeasurements were repeated three times
for each sample, and the average value was taken as the
recorded value.

2.4 SEM

Before SEM observation, the conductive film was attached
to the sample stage, and then each specimen (about 1 g)
was fixed on the conductive film. To keep the sample
stably fixed on the conductive film, it was sprayed with
high-pressure gas. Due to the poor conductivity of the
hardened paste, the powder samples were sprayed with
gold before the test. Then, the samples were observed using
a Phenom ProX electron microscope (Phenom, FEI). The

specific details of this test method can be found in the
literature [37].

2.5 X-ray diffraction (XRD)

An X-ray diffractometer (Japan Smartlab) was used to
analyze the hydrated products of the samples. The radia-
tion of the test was CuKα, the voltage was 40 kV, and the
current was 40mV. The diffraction angle was 10–80°
with a step of 2°/min. The target material was copper.
The samples were kept dry in a vacuum until testing.

2.6 Thermogravimetric (TGA)

TGA analysis of the samples was carried out by a term syn-
chronous thermal analyzer (Germany NETZSCH-STA449F5).
The set temperature rise rate was 10°C/min and the max-
imum temperature was 800°C. Argon was used as a protec-
tive gas. The Ca(OH)2, CaCO3, and C–S–H contents were
calculated by the following equation [38]:
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Note: LOI(CH) is the percentage of Ca(OH)2 losing H2O in
the TG curve. LOI(CC) is the percentage of CaCO3 losing
CO2 in the TG curve. LOI(C–S–H) is the percentage of the
C–S–H losing H2O in the TG curve.

2.7 Isothermal calorimetry

The exothermic rate of hydration and the total exothermic
heat of hydration of samples were automatically measured
and recorded by the TAM Air eight-channel isothermal
calorimeter. The instrument temperature was set to 20°C,
and the next step was performed after the instrument tem-
perature stabilized. Ampoules containing samples were
placed in the channel and the exothermic hydration data

Table 3: Mix design

Sample code Cement* (%) Blending amount* (%) w/b

PC 100 0 0.4
CG 100 0.4 0.4
CGO 100 0.4 0.4

*Percentage of the total mass of cement by weight.
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were tested continuously for 24 h. Each recorded valuewas
derived from the average of two measurement results.

3 Results and discussion

3.1 Zeta potential

The variation pattern of zeta potential of G/GO with Ca2+

concentration in Ca(OH)2 solution is shown in Figure 2.
The variation pattern of zeta potential for limestone
powder (LP) and quartz powder (QP) in Ca(OH)2 solution
with Ca2+ concentration was tested by Ouyang et al. [36].
This result was compared with the zeta potential of
C–S–H particles measured by Nachbaur et al. [39] and
Viallis-Terrisse et al. [40]. As can be seen from Figure 2,
for a certain Ca2+ concentration, the zeta potentials of QP
and C–S–H particles were similar, while the zeta poten-
tials of LP particles were relatively more positive. LP par-
ticles have stronger interaction with Ca2+ compared to QP
and C–S–H particles [36].

As can be seen from Figure 2, the zeta potential of G is
−15.3 mV at a Ca2+ concentration of 0.2 mmol/L. With the
increase of Ca2+ concentration, the zeta potential of G is
almost linear and increases due to the adsorption of Ca2+

on particles’ surfaces. The isoelectric point (IEP) corre-
sponds to a point where the zeta potential is 0, indicating
that the electrophoretic mobility is 0. G particles reach
IEP at a Ca2+ concentration of about 2 mmol/L, which is
similar to QP and C–S–H particles. The potential value of
G is positive after a Ca2+ concentration of about 2 mmol/L.
And the maximum value of the potential of G is 24.55 mV
at a Ca2+ concentration of 6 mmol/L. In general, the trend

of the potential of G with Ca2+ concentration is similar
to that of QP and C–S–H. It is indicated that G particles
have similar interaction with Ca2+ as QP and C–S–H
particles.

For GO particles, the potential of suspension exhibits
a negative value at a Ca2+ concentration of 0.2 mmol/L. It
may be caused by carboxylate groups on the surface [41].
GO particles reach IEP at a Ca2+ concentration of below
2mmol/L, which is about 0.9 mmol/L. The zeta potential
increased with increasing Ca2+ concentration from 0.9 to
6mmol/L. The maximum value of potential is 32.77 mV at
a Ca2+ concentration of 6 mmol/L. After Ca2+ concentra-
tion continued to increase, the high concentration solu-
tion of Ca2+ resulted in an irregular decrease of G/GO
potential [42]. The potential of GO is higher than that of
G, QP, and C–S–H for the same Ca2+ concentration. It is
possible due to the oxygen-containing groups which
have a stronger interaction with Ca2+ [41].

3.2 Morphology of hydrates

Figure 3 presents the SEM image of hydration products
on the surface of cement particles at 15 min and 1 h hydra-
tion. The red frame is the enlarged zone. SEM image of
the surface of cement particles in PC paste after hydration
for 15 min is shown in Figure 3a and b (partial enlarged).
It can be seen that some rod-shaped C–S–H particles
appear on cement surface. Figure 3c and d (partial
enlarged) demonstrate that many needle-shaped C–S–H
particles are distributed on the surface of cement particles
in CG paste after hydration for 15min. The surface of cement
particles is covered by C–S–H of similar dimensions in CGO
paste after hydration for 15min (Figure 3e and f). For CG
and CGO past, the C–S–H on the cement surface appears
denser and more uniform than that in PC paste. In addition,
as can be observed in Figure 3d and f, the C–S–H on the
surface of cement particles in the CGO paste is larger and a
little denser than that in CG paste.

In Figure 3g and h, the size of the rod-shaped C–S–H
started to grow on the surface of cement particles in PC
paste after hydration for 1 h. As can be observed from
Figure 3i and j, the surface of cement particles in CG paste
has needle-shaped C–S–H after hydration for 1 h. These
C–S–H were numerous and evenly distributed. Figure 3k
and l (partial enlarged) also show a large number of
needle-shaped C–S–H covering on the surface of cement
particles in CGO paste after hydration for 1 h. Compared
to PC paste, the surface of cement particles has more and
finer needle-shaped C–S–H in CG and CGO paste.

Figure 2: The variation pattern of zeta potential of G, GO, LP, QP, and
C–S–H particles with Ca2+ concentration in Ca(OH)2 solution.
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Figure 4 presents the morphology of hydration pro-
ducts on the surface of cement particles at 4 and 7 h. As
can be seen in Figure 4a and b, some rod-shaped C–S–H
particles become larger on the surface of cement particles
in PC paste after hydration for 4 h. The size is still not
uniform. As shown in Figure 4c and d (partial enlarged),
there are a large number of fine C–S–H and some calcium
hydroxide (CH) particles on the surface of cement parti-
cles in CG paste after hydration for 4 h. Meanwhile, many
fine C–S–H particles on the surface of cement particles
were also observed in CGO paste after hydration for 4 h.
These results show that the C–S–H on the surface of
cement particles in CG and CGO is finer and has more
quantity than that in PC paste.

As demonstrated in Figure 4g and h (partial enlarged),
overlapping rod-shaped C–S–H can be identified and
their growth orientation is varied on the surface of
cement particles in PC paste after hydration for 7 h.
Figure 4i and j (partial enlarged) show that the mesh

structure formed by the interweaving of C–S–H comple-
tely covers the surface of cement particles in CG paste. As
can be observed from Figure 4k and l (partial enlarged),
the surface of cement particles is also covered by the
C–S–H of the mesh structure after hydration for 7 h. The
difference in the morphology of C–S–H between the PC
paste and CG and CGO paste is significant. Compared to
PC paste, C–S–H with a higher amount and finer dimen-
sions appears on the surface of cement particles in CG and
CGO paste.

3.3 XRD analysis

XRD data are shown in Figure 5, mainly identifying C2S,
C3S, CH, and CaCO3. CG and CGO pastes do not show
significantly different diffraction peaks. This indicates
that the addition of G/GO to the cement paste does not
produce new substances. The diffraction peaks of CH do

Figure 3: Morphology of hydration products on the surface of cement particles at 15 min in PC (a and b), CG (c and d), CGO (e and f), and at
1 h in PC (g and h), CG (i and j), CGO (k and l).
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not change significantly after the addition of G/GO. How-
ever, the diffraction peak of CaCO3 was found. It is pos-
sible due to the carbonation of Ca(OH)2.

3.4 TGA analysis

The TG and DTG curves of PC, CG, and CGO obtained by
TGA analysis are presented in Figure 6. The weight loss at
50–105°C is caused by the evaporation of adsorbed water.
The weight loss at 110–170°C is caused by dehydration of
the gel phase, such as AFt, C–S–H, etc. The weight loss at
400–500°C and 600–700°C is caused by the dehydration
of Ca(OH)2 and the decomposition of CaCO3. The presence
of CaCO3 suggests that the Ca(OH)2 was carbonized, veri-
fying the XRD results.

The hydration degree of the sample can be quantified
by the content of Ca(OH)2, CaCO3, and C–S–H. The con-
tents of Ca(OH)2, CaCO3, and C–S–H were calculated and

shown in Figure 7. It can be seen that the total contents of
Ca(OH)2, CaCO3 in the CG and CGO pastes are higher than
those in the PC paste. Moreover, the content of C–S–H in
CG and CGO pastes was higher than that in PC pastes. It
further indicates that the addition of G/GO can promote
the hydration of cement, and thus generate more hydra-
tion products at the same hydration time. The content of
C–S–H in the CGO paste is significantly less than that in
CG in Figure 7(d). It is most likely due to partial C–S–H
filtered out in the sample preparation.

3.5 Cement hydration heat calorimetry
analysis

Figure 8 shows the exothermic rate and total accumulated
heat obtained from the isothermal calorimetry test. The
exothermic rate of hydration is presented in Figure 8a. It
can be found that the induction period of CG/CGO paste is

Figure 4:Morphology of hydration products on the surface of cement particles at 4 h in PC (a and b), CG (c and d), CGO (e and f), and at 7 h in
PC (g and h), CG (i and j), CGO (k and l).
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longer than PC paste. The peak of heat flow for PC, CG, and
CGO paste is 1.93, 2.02, and 2.11 mW/g, respectively. Peak
heat flow increased by 5.1% and 9.8% for CG and CGO
pastes, respectively, compared to PC pastes. The data
obtained indicate that the presence of G/GO significantly
facilitates the exothermic rate of cement hydration. The
total accumulated heat of hydration is demonstrated in
Figure 8b. At 24 h of hydration, the total accumulated
heat of PC, CG, and CGO paste is 84.57, 85.10, and 89.64 J/g,
respectively. The total accumulated heat for CG and CGO
pastes increased by 0.63% and 6.0%, respectively, com-
pared to PC pastes. These data show that the incorporation
of GO accelerates the hydration of the cement paste. How-
ever, the total accumulated heat of CG paste is similar to that
of PC paste. Similar results have been found in previous
studies [18,43].

3.6 Discussion

The formation of C–S–H undergoes the process of nuclea-
tion and growth [44]. Classical theory suggests that nuclea-
tion and growth are related to the concentration of ions and
are dynamic equilibriumprocesses of dissolution and recrys-
tallization of cement particles [45]. The steps are as follows:
(1) cement in solution dissolves a large number of ions. Due
to irregular motion or interatomic attraction, ions move to
the matrix surface and are adsorbed to form ion clusters
(nuclei). (2) Ionic clusters may adsorb surrounding ions
and grow. These ion clusters will continue to grow until their
size exceeds the limit of the critical range. After that, the
nuclei will enter the growth process. (3) Before reaching
critical clusters, the ion clusters may also dissolve and
reenter the solution [46]. After that step (1) is repeated.

Figure 5: XRD patterns of the sample at 15 min (a), 1 h (b), 4 h (c), and 7 h (d).
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When cement comes in contact with water, the cement
dissolves, releasing large amounts of ions. Ca2+ ions are
soon absorbed on the surface of G/GO, increasing zeta
potential value. As described in the previous section
3.1, G particles adsorb a large amount of Ca2+ on their
surface, while the adsorption of Ca2+ ions on the surface
of GO particles is higher than that of G, QP, and C–S–H
particles. After a while, the Ca2+ concentration in the
vicinity of G/GO gradually increased. With a high surface
area and strong affinity to Ca2+, G/GO can greatly promote
the mobility of ions in cement paste, facilitating the
development of ionic clusters and thus generating a large
quantity of needle-shaped C–S–H particles at the cement
surface, as demonstrated in Figures 3 and 4. Many studies
[11,14,25–27,47,48] have suggested that the high surface
area of G/GO may provide additional sites for C–S–H
nucleation, enhancing the nucleation effect, thus facili-
tating the hydration process. However, the nucleation
effect on the G/GO surface is difficult to be observed

experimentally. In this study, the high-density C–S–H
covered on the surface of cement particles in CG/CGO
paste is not due to the nucleation effect of G/GO. This is
possible because G/GO increases the mobility of ions in
cement paste, which greatly increases the interaction of
Ca2+ with the surface of cement particles, thus promoting
the nucleation and growth process of C–S–H on cement
surface. In other words, the high mobility ions derived by
G/GO in the cement paste dominate the reason for the
accelerated hydration of cement.

4 Conclusions

(1) The zeta potential of G is similar to QP and C–S–H
particles in Ca(OH)2 solutions. The higher zeta poten-
tial of GO indicates a stronger interaction between
the GO surface and the Ca2+ ions.

Figure 6: TG-DTG analyses of PC, CG, and CGO pastes at 15 min (a), 1 h (b), 4 h (c), and 7 h (d).
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Figure 8: The heat flow (a) and accumulated heat (b) of PC, CG, and CGO pastes.

Figure 7: The relative content of the hydration products of the samples at 15 min (a), 1 h (b), 4 h (c), and 7 h (d).
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(2) The C–S–H on the surface of cement particles in CG
and CGO past is denser and more uniform than that
in PC paste at the same hydration time.

(3) The exothermic peak value in CG and CGO paste is 5.1
and 9.8% higher than that in PC paste. The total
accumulation exothermic of CGO paste was 6.0%
higher than that of PC paste.

(4) The presence of G, especially GO, facilitates the mobi-
lity of ions, especially Ca2+, and thus enhances the
interaction between the cement surface and the ions.
This strong interaction promotes the C–S–H nuclea-
tion and growth, and therefore, the hydration of the
cement.
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